Local inhibition by γ-amino butyric acid (GABA)-containing neurons is of vital importance for the operation of sensory cortices. However, the physiological response patterns of cortical GABAergic neurons are poorly understood, especially in the awake condition. Here, we utilized the recently developed optical tagging technique to specifically record GABAergic neurons in the anterior piriform cortex (aPC) in awake mice. The identified aPC GABAergic neurons were stimulated with robotic delivery of 32 distinct odorants, which covered a broad range of functional groups. We found that aPC GABAergic neurons could be divided into 4 types based on their response patterns. Type I, type II, and type III neurons displayed broad excitatory responses to test odorants with different dynamics. Type I neurons were constantly activated during odorant stimulation, whereas type II neurons were only transiently activated at the onset of odorant delivery. In addition, type III neurons displayed transient excitatory responses both at the onset and termination of odorant presentation. Interestingly, type IV neurons were broadly inhibited by most of the odorants. Taken together, aPC GABAergic neurons adopt different strategies to affect the cortical circuitry. Our results will allow for better understanding of the role of cortical GABAergic interneurons in sensory information processing.
Introduction
GABAergic neurons play critical roles in cortical circuitry (Griffen and Maffei 2014) , exerting powerful control over circuit activity by providing inhibition to neighboring pyramidal neurons and to other interneurons (Markram et al. 2004; Letzkus et al. 2011) . Several types of cortical GABAergic neurons are also major targets of neuromodulation, suggesting that these systems can profoundly affect circuit computations (Bacci et al. 2005; Kruglikov and Rudy 2008) . The physiology of cortical GABAergic neurons has mainly been addressed in vitro, revealing a staggering complexity of effects that strongly depend on interneuron type (Bacci et al. 2005; Kruglikov and Rudy 2008) . However, the response patterns of different types of GABAergic neurons to sensory stimulation in the intact animal remain elusive (Letzkus et al. 2011 ).
The piriform cortex (PC) is a 3-layered sensory structure that is situated at the ventrolateral forebrain and is monosynaptically targeted by mitral and tufted (M/T) cells of the main olfactory bulb (MOB) (Haberly 2001; Suzuki and Bekkers 2010; Arzi and Sobel 2011; Doucette et al. 2011; Bekkers and Suzuki 2013) . It can be divided into anterior and posterior portions. The anterior portion (aPC) receives more inputs from the MOB and fewer inputs from associational cortical areas . Due to the anatomical simplicity of the aPC, a growing body of studies have been focused on this brain region Isaacson 2009, 2011; Stettler and Axel 2009; Young and Sun 2009; Apicella et al. 2010; Bekkers and Suzuki 2010; Isaacson 2010; Wilson 2010; Choi et al. 2011; Davison and Ehlers 2011; Franks et al. 2011; Miura et al. 2012) , leading to the aPC as an attractive model system in elucidating the mechanisms of recordings and odorant delivery. The mouse was restrained by a head plate, but it was allowed to run on an air-supported floating Styrofoam ball. An optetrode, which combined a multichannel electrode and a customized optic fiber, was lowered into the aPC. Odorant-evoked responses of GABAergic neurons were recorded in the VGATChR2-EYFP transgenic mice, which are characterized by the specific expression of the ChR2 protein on the GABAergic neurons. Extracellular spiking signals were detected and amplified (1000×) through a custom-made 16-channel amplifier (AMP) with built-in band-pass filters (FILTER) (0.5-3.6 kHz). Analog signals were digitized at 25 kHz and information processing in the sensory cortices. Thus far, there have been only fragmented data regarding the physiological properties of the aPC GABAergic neurons, which were mainly obtained from anesthetized animals or brain slices (Young and Sun 2009; Poo and Isaacson 2011; Sosulski et al. 2011) . It has been suggested that the aPC GABAergic neurons displayed nonselective excitatory responses to odorants and seldom exhibited inhibition. However, due to the low efficiency of these traditional techniques, only a limited number of GABAergic neurons were identified and their response patterns examined (Zhan and Luo 2010) . Many important questions still remain to be addressed; for example, do all the aPC GABAergic neurons display similar response dynamics to odorants or do some GABAergic neurons show inhibitory responses?
Here, we utilized recently developed optical tagging techniques, which combined optogenetic stimulation with multichannel recording, allowing us to investigate how individual aPC GABAergic neurons respond to odorants. We found that most of the aPC GABAergic neurons in awake mice exhibit broad excitatory responses to the test odorants and could be categorized into 3 subtypes according to their different response dynamics. More interestingly, we also found a small population of aPC GABAergic neurons showing a broad inhibitory response. Our results suggest that aPC GABAergic neurons adopt different strategies to modulate the intracortical circuitry in olfactory processing and contribute to our understanding of the physiological roles of cortical interneurons.
Materials and Methods

Mice and Surgery
Animal care and use were strictly followed according to the institutional guidelines and governmental regulations of China. Experiments were performed exactly as approved by the IACUC at ShanghaiTech University and National Institute of Biological Sciences, Beijing, China. The mice used in the experiments were adult VGAT-ChR2-EYFP transgenic mice (ages 8-16 weeks) of either sex (a gift from Prof. Guoping Feng, MIT). In this transgenic mouse line, expression of the mhChR2:EYFP fusion protein is directed to the GABAergic interneuron populations by the mouse vesicular GABA transporter (VGAT or Slc32a1) promoter/ enhancer regions on the BAC transgene (Zhao et al. 2011 ). Mice were housed under a 12/12 day/night cycle at 22-25°C with access to rodent food and water freely available in environmentally controlled conditions. Surgery protocols generally followed previous studies (Daniel et al. 2007; Zhan and Luo 2010; Ma and Luo 2012) . Mice were anesthetized by intraperitoneal injection of atropine (0.05 mg/kg) and pentobarbital (80 mg/kg), kept warm (37°C) with an electric heating pad (BrainKing Biotech), and mounted in a stereotaxic holder in order to adjust the skulls of experimental mice to be parallel with the reference panel. A custom-made head plate was then placed on each skull, being affixed with stainless steel 1454 machine screws and dental cement. On the day of implanting the head plate, we thinned the skull above the recording window, so no more incision was needed on the day of recordings. Before recording, mice had a recovery time of 7-10 days.
Immunostaining and Confocal Imaging
To confirm expression of ChR2-EYFP fusion protein in GABAergic neurons and different subtypes of different neurons, the mice were deeply anesthetized with an overdose of pentobarbital and then intracardially perfused with 0.9% saline solution followed by 4% paraformaldehyde (PFA) in PBS. Brains were sectioned coronally at a thickness of 40 μm with a freezing microtome (Leica CM1900). For immunostaining of glutamic acid decarboxylase 67 (GAD67), brain sections were blocked with 5% normal bovine serum in 0.1 M PBS for 30 min, and then incubated with the mouse anti-GAD67 antibody (1:1000, Merck; 48 h) in the blocking solutions at room temperature. The sections were visualized with Cy3-conjugated goat anti-mouse antibody (1:1000, Jackson ImmunoResearch; 2 h) at room temperature. For immunostaining of parvalbumin (PV), somatostatin (SOM), and calbindin (CB), the sections were first blocked with 3% BSA in PBS-0.3% Triton X-100 for 30 min and incubated with the primary rabbit anti-PV antibody (1:200, Abcam), rabbit anti-SOM (1:500, Santa Cruz), and mouse anti-CB (1:1000, Swant) for 48 h at 4°C. After washing, the sections were incubated with cy3-conjugated donkey anti-rabbit secondary antibody (1:1000, Jackson ImmunoResearch; 2 h) or goat antimouse antibody (1:1000, Jackson ImmunoResearch; 2 h) at room temperature. Imaging and analysis of images were carried out with a digital slide scanner (CarlZeiss, LSM710).
In Vivo Electrophysiological Recording and Cell-Type Identification
A head plate-mounted mouse (Fig. 1A ) was allowed to learn to balance and walk on the spherical treadmill to adapt to the head-restricted condition for at least 30 min. During this period, a sequential odorant delivery was also presented for animals to be familiar with the paradigm of odorant application. Immediately prior to recordings, lidocaine was locally applied to around the craniotomy site and a small hole was quickly opened through the thinned skull (in less than 2 min). Then an optic fiber (125 μm diameter, NA = 0.37, Fiblaser) and a 16-channel electrode (12.7 μm Ni-Cr-Fe wires; Stablohm 675, California Fine Wire, CA, USA, Material #: 100188) was lowered toward the aPC. During the recording session, mice were provided with sucrose solution drops once per hour (lasting about 10 s during the trial intervals).
Extracellular spiking signals were detected with a 16-channel electrode and amplified (1000×) through a custom-made 16-channel amplifier with built-in band-pass filters (0.5-3.6 kHz) (Zhou et al. 2015) . We selected one channel that did not show spike signals and defined it as a reference ground to reduce moving artifact. Analog signals were digitized at 25 kHz and sampled by a sampled by a Power1401 digitizer (1401) and Spike2 software (Spike2). A robotic olfactometer was used to deliver the test odorants, which were stored in headspace vials on a panel with 32 wells. Power1401 digitizer and Spike2 software (CED, Cambridge, UK) (Zhou et al. 2015) . Before odorant delivery, we carried out optical identification of ChR2 + neurons. The optical fiber was coupled to a diode-pumped solid-state 473 nm laser and controlled by a VD-IIA DPSS laser driver. Light pulses were controlled with digital commands from a Master-8 stimulator (A.M.P.I.) (Ma and Luo 2012) . A customized MATLAB program was used to sort out the ChR2 + neurons, based on an established approach (Cohen et al. 2012; Kvitsiani et al. 2013; Li et al. 2016) . Briefly, light pulses (5 ms, 1 or 10 Hz) were passed through the optical fiber to stimulate action potential firing. The light intensity was lowered to reduce spike jitter. Four parameters were calculated: the reliability of light-evoked spiking within 10 ms from light onset (R), correlation coefficient of spike waveform for spontaneous spikes and evoked spikes (C), the latency of triggering spikes after light onset (L), and a statistical P value to determine whether the spikes were truly evoked by light stimulation. We tested the hypothesis that the post-stimulus spike-latency distribution is different from a set of baseline distributions for low-frequency light stimulation (1 or 10 Hz), which yields a P value for significant short-latency light activation. The P value was determined by comparing the distribution latencies of light-evoked spikes and a bootstrapped distribution of latencies of spontaneous spikes (Cohen et al. 2012; Kvitsiani et al. 2013; Li et al. 2016 ). Only neurons with P < 0.001 and C > 0.85 were considered as optically tagged neurons. We adopted the algorithm for spike-probability calculation using an adaptive spike-density function (SDF) approach (Pi et al. 2013) . Briefly, the spike raster was convolved with a variable kernel Gaussian window to provide an SDF estimate. The kernel width of the Gaussian was adapted to the local estimate of spiking probability to implement stronger smoothing when information was sparse. Variance was mapped onto spiking probability between 0 (moving average, corresponding to a probability of (0) and infinity (Dirac-delta, corresponding to a probability of (1). To detect light-induced changes of the firing rate, we first determined the putative activation period and then evaluated the statistical significance of the firing rate change compared with a stimulus-free baseline, as follows. The adaptive SDF was calculated aligned to light stimulus onset. For the aPC, minimal and maximal firing was determined as the minimum and maximum of the SDF within 100 ms from the light pulses. The baseline firing rate was calculated from the mean firing probability within a 100-ms window before the start of a pulse train.
After completion of the recording, the rough recording site was confirmed by electrolytic lesion with DC current injection through 2 electrodes (20-30 s; 100 μA) at the recording region. Next, the animals were deeply anesthetized with an overdose of pentobarbital and perfused with 4% formaldehyde, and 60 μm coronal sections of the mouse brain were prepared to verify the recording sites.
Odorant Stimulation
Odorant stimuli were composed of 32 monomolecular chemical compounds: ethanol, benzyl acetate, 3-nonanone, anisole, 2-propanol, 1-pentanol, 2-decanol, cyclohexanol, methyl propionate, ethyl butyrate, butyl acetate, capronaldehyde, 1-heptaldehyde, octanol, (−) myrtenol, butyrophenone, 2-heptanone, 3-heptanone, propiophenone, beta-lonone, benzene, 2-phenylethanol, phenyl alcohol, acetophenone, phenyl acetaldehyde, isopropyl ether, 4-allylanisole, carvacrol, eugenol, (+) camphene, alpha-terpinene, and 2, 6-dimethyl-5-heptenal (all from Sigma-Aldrich). They were also sequentially arranged as Nos 1-32 for the following data processing: the functional groups of these odorants include alcohol, acetate, aldehyde, ketone, benzene, ether, pyrazine, and aromatic ring.
All odorants were stored in headspace vials and their saturated vapor plus one air control were delivered by a multichannel robotic olfactometer (I&J7200C; Fisnar) at a flow rate of 40 mL/min (Fig. 1A) . We first diluted the pure test odorants with mineral oil to a concentration of 10%. Odorant vapor was injected into a constant air stream with a flow rate of 4 L/min in front of the mouse nostrils, resulting in a 0.1% dilution of saturated vapor. Each odorant was presented for 3 consecutive trials, and the sequence of delivering 32 odorants plus air control was identical for all cells. For each trial, the duration of odorant pulse was 2 s with an inter-trial interval of 20 s to reduce habituation (Wilson 1998) . To ensure accuracy in the timing of stimulus delivery, odorants were diverted into the vacuum for the first 1 s and then switched to the mouse nostrils with a 3-way final valve (WTB-3R-M6F; Takasago Electric). To minimize residual odorants from previous trials, an additional stream (100 mL/min) of purified air was injected into the final valve 3 s after odorant presentation (Zhan and Luo 2010) . Surrounding air was cleared by a vacuum system and Teflon tubing was used to further reduce cross-contamination (Fig. 1A ).
Data Analysis
Spikes recorded by the tetrodes were sorted using Spike2 software (Cambridge Electronic Design). Classified single units should have a high signal-to-noise ratio (>3:1), reasonable refractory period (interspike interval >1 ms), and relatively clear boundaries among different PCA clusters. Since it took nearly 50 min to complete the test of 32 odorants, we carried out additional statistical tests to confirm that the spikes of an identified unit were stable throughout the recording session. Specifically, we only included the units that exhibited similar action potentials (Pearson's correlation coefficient between odorant-evoked spikes and spontaneous spikes P < 0.001). In summary, the classified single units should have a high signal-to-noise ratio, consistent spike waveforms, more than 1 ms inter-spike interval, and relatively clear boundaries among different clusters.
Peri-stimulus time histograms (PSTHs) (bin width = 100 ms) for each odorant of one cell were smoothed with a Gaussian kernel (σ = 100 ms) and then presented with average plots. The 1/2 max response time window (T 1/2 max ) was calculated as the time when the excitation or inhibition was above half of the maximum response during odorant presentation. The examples were illustrated in Figure 2A -D (the purple line). The same method was applied to analyze the 1/2 max response time window after the termination of odorant delivery (T′ 1/2 max ; the green line in Fig. 2C ).
We used 3 parameters to calculate the response index during odorant presentation (RI) and the response index after odorant stimulation (RI′): the mean firing rate during T 1/2 max (F m ), the mean firing rate during T′ 1/2 max (F′ m ), the mean firing rate of 4 s before odorant presentation (F s 
To classify the response patterns in the identified GABAergic neurons of aPC, we used principal component analysis (PCA), followed by K-means clustering. This yielded 4 clusters of neurons that were separated according to 1) T 1/2 max , 2) RI, and 3) RI′.
The tuning curves and response profiles were analyzed based on different subtypes of the aPC neurons. To plot the olfactory tuning curves, the response strength (ΔR = F m − F s ) of each individual neuron was arranged against all odorants along the horizontal axis so that the strongest excitatory response was placed in the middle of the curve, and the weak or inhibitory ones were at both ends in descending order. An excitatory response was considered significant if an increase in the firing rate during the T 1/2 max exceeded 2 SDs of spontaneous firing rates and that an inhibitory response was significant if the decline in firing rate during the T 1/2 max exceeded the value of 50% F s (Kreher et al. 2008; Zhan and Luo 2010) . Also, the significant responses were examined through permutation tests (P < 0.01).
To plot the response of all recorded aPC GABAergic neurons to the entire test panel of 32 odorants, we used the method described in one previous study (Zhan and Luo 2010) . Briefly, individual cells are aligned along the vertical axis, and odorant numbers are shown along the horizontal axis. Each row represents the response strengths of a single neuron to 32 test odorants. Response strengths are color-coded, with excitation shown in red (maximum 30 spikes/s) and inhibition in blue (maximum 100% suppression from the basal firing rates). The response strengths are sorted for each cell, with the most effective odorant shown at the left of the horizontal axis. Only responses that were considered significant are plotted in color, whereas nonsignificant responses are considered zero responses and shown in white.
Results
Optogentic Tagging of Genetically Defined Interneurons in Behaving Mice
In the current study, to identify and record the activities of aPC GABAergic neurons from awake mice, we used a recently developed head-fixed recording setup, combining with an optical tagging technique (Daniel et al. 2007; Zhan and Luo 2010; Ma and Luo 2012) . Briefly, the optical tagging technique combines extracellular recordings with optogenetic stimulation. The light-sensitive channelrhodopsin2 (ChR2) is selectively expressed in a genetically determined neuron population. By applying brief light stimulation to test whether spike firing could be rapidly and reliably evoked from recorded neurons, it could precisely identify whether the recorded neuron expresses ChR2 and thus belongs to the genetically specialized cell type. The paradigm for the head-fixed recording setup was adapted from a previous research work and is shown in Figure 1A (Zhan and Luo 2010) . Briefly, the mice, which were implanted with custom-designed stainless steel head plates, were fixed on the setup and able to move on an air-supported, frictionless spherical treadmill (Fig. 1A) . Odorants at 0.1% dilution of saturated vapor, which were stored in headspace vials on a panel with 32 wells (Fig. 1A) , were delivered by a robotic olfactometer (I & j 7200c; Fisnar). Cell-type-specific targeted recording was carried out with the optetrode, which combines a 4-tetrode with a customized sharp optic fiber. The range of coordinates of the optetrode recording sites are: 1.7-2.1 mm anterior to bregma, 1.7-2.0 mm lateral to the midline, and 3.0-3.6 mm ventral to the surface. The details of recording and data acquisition are described in the Materials and Methods section (Fig. 1A) . The aPC is highlighted in green in a 3D schematic diagram of the mouse brain and a coronal brain section (Fig. 1B) . Here, one recording site by electrolytic lesion was demonstrated in Figure 1B . We verified the accuracy of ChR2-EYFP expression in the aPC GABAergic neurons by immunostaining against GAD67, a marker of GABAergic neurons (Fig. 1C1-C4) . We found the GAD67+ neurons were well co-localized with ChR2-EYFP (Fig. 1C2-C4 ), suggesting that ChR2-EYFP was faithfully expressed in GABAergic neurons. GABAergic neurons could divide into several subtypes based on their genetic markers. To examine whether there were any biases of ChR2-EYFP expression in different subtypes, we carried out immunostaining against the neuropeptides PV, SOM, and CB (see Supplementary Fig. 1A-C) . The results showed that the ChR2-EYFP fusion protein has similar expression levels in all 3 subtypes of aPC neurons (see Supplementary Fig. 1A-C) .
To identify GABAergic neurons stringently, we applied a strict criterion so that putative GABAergic neurons must have a significant short-latency light response (L < 10 ms) and high reliability of light-evoked spikes (R > 85%), and the light-evoked waveform must look almost identical to the spontaneous waveform (P < 0.001 and C > 0.85) (Fig. 1D) (Cohen et al. 2012; Kvitsiani et al. 2013; Li et al. 2016 ). The distributions of latencies (L), reliability (R), and coefficiencies (C) were analyzed using cumulative histograms (see Supplementary Fig. 2A-C) . A total of 71 neurons from 14 VGAT-ChR2-EYFP mice (8 males and 6 females) were identified as GABAergic neurons.
Overall Selectivity of the aPC GABAergic Neurons
To objectively and quantitatively classify the types of aPC GABAergic neurons, we used principal component analysis (PCA), followed by K-means clustering. This yielded 4 clusters of neurons that were separated according to 1) the 1/2 max response time window (T 1/2 max ), 2) response index during odorant presentation (RI), and 3) response index following odorant termination (RI′). We have also analyzed the mean spike rate (F m ), first-spike latency after light flash, half-width of the spike waveform, and the percentage of excitatory responses for each cell class (see Supplementary Fig. 3 ). Apparently, these factors were not sufficiently robust to classify cell types.
Type I neurons (∼20%) displayed constant excitatory response during odorant delivery and type II neurons (∼38%) showed transient response after odorant delivery ( Fig. 2A,B ,E,F). In addition, we also found a subtype of GABAergic neurons displaying transient excitatory responses after the onset and termination of odorant delivery, which we called the on and off responses (Fig. 2C ,E, F), that were defined as type III neurons (∼11%). Interestingly, type IV GABAergic neurons were broadly inhibited by the test odorants (∼20%) (Fig. 2D,E,F) . We also analyzed whether there was any bias in cell types along different phases of recording sessions from the same animal. We did not observe any apparent correlation between cell types and recording sequences during the session (see Supplementary Table 1) , suggesting that the cell-type classification did not result from plasticity.
The selectivity of aPC GABAergic neurons was plotted according to their responses to 32 structurally dissimilar monomolecular odorants covering a variety of functional groups (Fig. 3A ). There were 63 identified aPC GABAergic neuron responses arranged as follows. In the graph, each neuron is aligned along the vertical axis and the horizontal axis shows the odorant numbers; the color(s) in each row indicates the response strengths of a single neuron to the 32 test odorants (Fig. 3A) . The majority of the recorded cells (n = 41) showed broad excitatory responses to test odorants, whereas 14 cells exhibited broad inhibitory responses. In addition, 8 neurons could be both excited and inhibited by different test odorants (in this case the row contains more than 1 color). There were also 8 identified GABAergic neurons which did not display significant response to all test odorants and are not shown in Figure 3A . Each cell was stimulated with 32 odorants, thus generating a total of 2272 cell-odorant pairs. Amongst them, 30.85% (n = 701 of 2272 pairs) were excitatory, whereas only 9.77% (n = 218 of 2272 pairs) were inhibitory. We also analyzed the excited and inhibited cell numbers for each odorant (Fig. 3B) .
The mean spontaneous firing rate of aPC neurons was 12.67 ± 1.46 spikes/s (see Supplementary Fig. 4A ), which is higher than the mean firing rates reported in previous studies (1-6 spikes/s). We reanalyzed the mean firing rates of all classified aPC GABAergic neurons using the segmentation analysis (see Supplementary  Fig. 4B ). The results showed that the majority of neurons (n = 35) fire at 0 ∼10 Hz with a mean firing rate of 5.92 ± 0.50 spikes/s, which strongly supports the previous studies. In addition, most of the tagged GABAergic neurons fired at 0 ∼ 30 Hz (n = 58), and only 5 neurons fired at 30-60 Hz (see Supplementary Fig. 4B ).
Neurons with Broad Excitatory Response Patterns to Test Odorants, But with Different Dynamics
Type I neurons (n = 14) exhibited long-lasting, strong, and broad excitatory responses to odorants across a period of 2 s of odorant delivery. The response pattern of one representative type I GABAergic neuron is shown in Figure 4A -C. This cell was strongly activated by the application of 0.1% 2-propanol, with a response strength of >30 spikes/s (Fig. 4A) . The raster plot and the tuning curve demonstrated that it was activated by most of the 32 test odorants, whereas there was no inhibitory response (Fig. 4B,C) . The mean spontaneous firing rate of type I GABAergic neurons was 9.14 ± 1.44 spikes/s (Fig. 4D) . The average first-spike latency after blue light stimulation for type I neurons was 2.92 ± 0.14 ms. The percentage of odorants with excitatory effect on each type I neuron is shown in Figure 4E . Amongst the 448 cell-odorant pairs for type I neurons, 158 pairs were significantly excitatory with no obvious selectivity and there were seldom cell-odorant pairs displaying an inhibitory effect (Fig. 4E ,F) .
Type II neurons (n = 27) exhibited transient, strong, and broad excitatory responses at the onset of odorant delivery. The response pattern of one representative type II GABAergic neuron is shown in Fig 5A-C . It was strongly activated by the application of 0.1% phenyl acetaldehyde, with a response strength of >10 spikes/s and lasted ∼200 ms after odorant delivery (Fig. 5A) . The raster plot and the tuning curve demonstrated significant excitation by most of the test odorant. There were only few inhibitory responses (Fig. 5B,C) . The mean spontaneous firing rate of type II GABAergic neurons was 13.45 ± 2.09 spikes/s (Fig. 5D) . The type II neuron's average first-spike latency after blue light stimulation was 2.45 ± 0.16 ms. The percentage of odorants with excitatory effect on each type II neuron is shown in Figure 5E . Amongst the 864 cell-odorant pairs for type II neurons, 423 pairs were significantly excitatory with no obvious selectivity and there were seldom cell-odorant pairs displaying an inhibitory effect (Fig. 5E,F) .
Type III neurons (n = 8) exhibited transient, strong, and broad excitatory responses to odorants after the onset and termination of odorant delivery. The response pattern of one representative type III GABAergic neuron is shown in Figure 6A -C. It was strongly activated by the application of 0.1% 2,6-dimethyl-5-heptenal, with a response strength of >10 spikes/s that lasted ∼300 ms at the onset and termination of odorant delivery (Fig. 6A) . The raster plot and the tuning curve demonstrated significant excitation by most of the test odorants, with few inhibitory responses (Fig. 6B,C) . The mean spontaneous firing rate of type III GABAergic neurons was 17.28 ± 5.88 spikes/s (Fig. 6D) . The type III neuron's average first-spike latency after blue light stimulation was 2.77 ± 0.27 ms. The percentage of odorants with excitatory effect on each type III neuron is shown in Figure 6E . Amongst the 256 cell-odorant pairs for type III neurons, 119 pairs were activated by an odorant without any obvious selectivity of odorants (Fig. 6E,F) .
Some aPC GABAergic Neurons Exhibited a Broad Inhibitory Response
Type IV neurons (n = 14) exhibited strong and broad inhibitory responses to test odorants. The representative response pattern of one representative type IV GABAergic neuron is shown in Figure 7A -C. This cell was strongly inactivated by the application of 0.1% ethyl butyrate, with an inhibitory ratio of nearly 100% (Fig. 7A,B,F) . The raster plot and the tuning curve demonstrated that it was significantly inhibited by the test odorants, with few excitatory responses (Fig. 7B,C) . The mean frequency for type IV GABAergic neurons was 12.06 ± 3.57 spikes/s (Fig. 7D) . The type IV neuron's average first-spike latency after blue light stimulation was 2.36 ± 0.24 ms. The percentage of odorants with inhibitory effect on each type IV neuron is shown in Figure 7E .
Discussion
Here, we studied the response patterns of GABAergic neurons in the aPC of awake mice using optetrode recordings. We found that aPC GABAergic neurons could be categorized into 4 types based on their response profiles and dynamics. Type I neurons were persistently excited during odorant presentation, whereas type II neurons were only transiently activated at the onset of odorant delivery. In addition, we found that type III neurons showed transient excitatory responses both at the onset and the termination of odorant stimulation. We also identified type IV neurons that were broadly inhibited by most of the odorants. Together, our results suggest that the GABAergic neurons adopt different specialized strategies to impact the PC circuitry, which provide diverse functional contributions of intracortical inhibition to olfactory information processing in the PC.
Technical Considerations
To date, it has been very challenging to record a specific type of neurons from awake animals (Zhan and Luo 2010) . Juxtacellular techniques have been used to determine the cell type through neurobiotin labeling, but due to the low efficiency of the traditional glass electrode, researchers could only identify a few neurons through intensive experiments. To improve the efficiency of targeted recording, we utilized and customized the optetrode, which combines 4 tetrodes with a sharp optic fiber. Such optetrode could be used to stably record multiple single units simultaneously and verify the identity of specific types of neurons by combining optical stimulation and electrophysiological recording. We used transgenic VGAT-ChR2-EYFP mice, which faithfully and robustly expressed ChR2 in GABAergic neurons as in Figure 1C ( Zhao et al. 2011) . For each neuron, we measured the response to light pulses and the shape of spontaneous spikes. To identify GABAergic neurons stringently, we applied the strict criterion that the significant short-latency light responses and light-evoked waveform must look almost identical to the spontaneous waveform. Because of the strict methods, we might have missed some GABAergic cells, but minimized false positives. We were able to record 71 GABAergic neurons and stimulated them with 32 odorants, which harbor major functional groups. Our results demonstrated the high reliability and efficiency of the optical tagging technique for cell type targeted recording.
Previous data on the olfactory processing in the cortex were largely obtained from anesthetized animals (Poo and Isaacson 2009; Stettler and Axel 2009) . However, the anesthetizing drugs have been implicated in disrupting the GABAergic synaptic transmission and signaling (Wesson and Wilson 2010) . Therefore, it was crucial to record neuronal activity from awake animals because we intended to investigate the responses of aPC GABAergic cells. Here, we adopted a recently developed head-fixed recording setup, which has been demonstrated to be a very powerful and stable paradigm for in vivo neurophysiological recordings (Daniel et al. 2007; Zhan and Luo 2010) . With this setup, we could efficiently identify GABAergic cells in awake animals. We found that the mean spontaneous firing rate of aPC GABAergic neurons was higher than that reported in previous studies (1-6 spikes/s). This is reasonable because we recorded from identified GABAergic cells in awake behaving mice, whereas previous studies either recorded from a mixed population of pyramidal cells and GABAergic cells in awake animals (Zhan and Luo 2010) or anesthetized animals (Poo and Isaacson 2011) . Our results are rather consistent with the number reported by the only study that examined a small number of GABA cells in awake mice (11.7 ± 4.4 spikes/s; Zhan and Luo 2010) .
We also used a robotic olfactometer to deliver a large number of odorants after a specific neuron was identified as GABAergic. Collectively, combining several new techniques, we could efficiently investigate the physiological properties of aPC GABAergic neurons in awake mice. We did not monitor respiration, which was quite challenging for our recording paradigm. Here, the average response time for type II neurons was 158.4 ± 13.9 ms, which was consistent with several previous studies that animals sniff at higher frequency when odor was applied (4-10 Hz) (Youngentob Figure 3B . et al. 1987; Uchida and Mainen 2003; Rajan et al. 2006; Kepecs et al. 2007 ). Also, a recent study (Miura et al. 2012) showed, during odor sampling, that one sniff cycle was 158.1 ± 40.2 ms (mean ± SEM).
Functional Significance
Odorant representations are initially formed in the OB, where M/T cells belonging to a stereotyped and distinct collections of glomeruli are activated by particular molecular features of Figure 3B. individual odorants, thereby creating an odor map (Zhao et al. 1998; Ma and Shepherd 2000; Uchida et al. 2000; Belluscio and Katz 2001; Wachowiak and Cohen 2003; Oka et al. 2006) . However, the topographical organization disappeared in the PC, which is thought to be the most important component in odorant perception and memory (Murthy 2011) . The mechanisms governing this transformation from a topographical representation in the OB to one that is highly distributed and nonstereotyped in the cortex are not well understood. Anatomically and functionally diverse GABAergic neurons can shape the responses of cortical pyramidal cells to excitatory sensory input (Wehr and Zador 2003; Wilent and Contreras 2005; Poo and Isaacson 2009) . Therefore, to improve the understanding of olfactory information processing in the PC, it is necessary to investigate the response patterns of GABAergic neurons to distinct odorants.
Over the past few years, several studies have been conducted on classifying interneuron types and circuits, but information processing of inhibitory neurons in the PC was still largely unknown. Anatomical studies have shown that the PC GABAergic neurons were categorized into several distinctive classes using molecular markers and morphological criteria (Young and Sun 2009; Suzuki and Bekkers 2010) , which were similar to those found in the neocortex and hippocampus (Bekkers and Suzuki 2013) . Diverse interneuron populations have highly specific interconnectivity in the PC (Zhang et al. 2006; Gavrilovici et al. 2010) . Recently, there was in vivo research conducted on the role of information processing of aPC GABAergic neurons. Odorantevoked patterns for aPC GABAergic neurons were shown with a whole-cell recording method in anesthetized rats, indicating nonselective, odorant-evoked synaptic excitation (Poo and Isaacson 2009 ). In another study, a small number of aPC GABAergic neurons (6 cells) were juxtacellularly recorded and labeled, which also exhibited nonselective excitatory responses to odorants (Zhan and Luo 2010) .
Here, we demonstrated in awake mice that most aPC GABAergic neurons could be activated or inhibited, where 63 of 71 identified GABAergic cells displayed significant responses to at least 3 test odorants. We found that the selectivity of most GABAergic neurons was low, where 52 of 63 cells had significant responses to more than 8 test odorants. Based on their response dynamics, we could categorize them into 4 types ( Fig. 2A-E) , largely consistent with previous studies (Poo and Isaacson 2009; Stettler and Axel 2009; Zhan and Luo 2010) . Type I, type II, and type III neurons were excited by odorants. Type I neurons adopt a strong and constant excitation mode, which could mediate the sustained synaptic inhibition of their neighboring principal cells during odorant presentation. In contrast, type II neurons had a transient burst excitatory response after odorant delivery. Such a transient excitatory response of GABAergic neurons could yield the highly precise lateral inhibition and may be involved in rapid odorant discrimination. Type III neurons had a transient burst excitatory response after the onset and termination of odorant delivery. Such transient on and off excitatory response of GABAergic neurons could further provide the precise timing for pyramidal neurons. Type II and type III neurons may receive a higher convergence of input directly from M/T cells than pyramidal cells to mediate most of the feedforward inhibition driven by the OB (Poo and Isaacson 2009; Zhan and Luo 2010; Bekkers and Suzuki 2013) . Type I, type II, and type III neurons may work together to increase the contrast of different odorants encoded by principal cells. Odorant stimulation could release the principal neurons from inhibition from type III GABAergic neurons and actively increase performance in an olfactory task (Miura et al. 2012) . Type IV neurons are broadly inhibited by odorants, and they may participate in the spontaneous oscillatory activity of the PC during the resting state and they act as a filter for noise. They could work as a gain control in the PC. This form of gain control may be important for preserving the population of active principal neurons within an optimal range (Stettler and Axel 2009) . Through an electrolytic lesion, we have roughly identified the locations of all the recorded cells; we found that there were no obvious correlations between recording sites and associated GABAergic cell types. This was consistent with the previous result that PC has no topographical organization (Stettler and Axel 2009) . Also, a recent mono-synaptic retrograde tracing result revealed that PC GABAergic neurons are highly diverse with respect to mitral cell innervation (Miyamichi et al. 2011) .
Previous researches suggested that GABAergic neurons adopted different mechanisms to affect the precise firing of pyramidal neurons, which would help ensure faithful and selective encoding of olfactory information (Pouille and Scanziani 2004; Silberberg 2008) . Patch-clamp recordings in rat piriform cortex slices revealed that the precise inhibition affected action potential firing in PCs in 2 distinct ways, which could abruptly terminate pyramidal neuron excitation or limit the summation of EPSPs across time (Luna and Schoppa 2008; Luna and Pettit 2010) . In addition, different types of feedforward and feedback inhibition were proposed to be necessary during olfactory processing in the PC (Suzuki and Bekkers 2012) . Also, it has been revealed that a different type of interneuron (PV + , SOM + , and VIP + ) in mouse visual cortex and auditory cortex have a broad response to stimuli, but with distinctive dynamics (Kerlin et al. 2010; Letzkus et al. 2011) . Trains of excitatory stimuli can produce a progressive shift in the inhibition of pyramidal cells in the hippocampus and the somatosensory neocortex (Pouille and Scanziani 2004; Tan et al. 2008) . Our results revealed the functional diversity of PC GABAergic neurons and suggested that the activation of distinct populations of interneurons in a dynamic process that varies with the strength and timing of excitation would have an important role in cortical encoding of sensory information. In the future, it is worthy to examine whether the different types of aPC GABAergic neurons we presented here are matched to different types of interneurons categorized by various genetic markers.
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